Abstract
Introduction

1
Comprehension of auditory speech is an integral part of social life and 2 communication. Unfortunately, the intelligibility of auditory speech can be hampered 3 by hearing impairments or noisy environments. Under these adverse conditions, 4 intelligibility benefits from speech-relevant information in other non-auditory 5 modalities. Viewing a talker's articulatory movements improves intelligibility (Sumby 6 and Pollack, 1954), even if the visual information leads the acoustic input by more 7 than ~200ms (Grant and Greenberg, 2001) . It is less known that also tactile 8 information can facilitate speech perception. Audio-tactile research has shown that 9 normally-hearing, non-trained listeners can exploit tactile temporal information (e.g., 10 air puffs or skin stretches applied to the hand or neck) to detect or identify auditory 2014). Some trained hearing-impaired listeners even benefit from tactile speech aids 14 such as spatiotemporal displays resembling multi-channel tactile vocoders (Kirman, 15 1973; Weisenberger and Miller, 1987 ; Working Group on Communication Aids for the 16 Hearing-Impaired, 1991; Rizza et al., 2018) or the Tadoma method, in which speech 17 is received by placing a hand on the talker's face (Reed et al., 1982) . Beyond these 18 perceptual benefits, the underlying neural mechanisms are still poorly understood. We hypothesized that a mechanism for audio-tactile speech integration is the impaired speech intelligibility . Based on these neural findings 14 and the behavioral audio-tactile findings above, we reasoned that tactile speech 15 envelopes can enhance auditory speech intelligibility by enhancing speech-envelope 16 tracking in the cortex. 17 To test this idea, we simultaneously presented degraded (envelope-reduced) 18 continuous auditory speech and speech envelope-shaped vibrotactile stimulation to 19 normally-hearing listeners, while assessing the cortical tracking and intelligibility of 20 the speech (using electroencephalography [EEG] and a speech-recognition task, 21 respectively). To extract and characterize the hypothesized audio-tactile speech- 
3
Sentences from the corpus by Oostdijk (2000) were selected with the following 4 criteria: (1) the transcription only contained the lowercase Dutch alphabet, thus 5 excluding questions, exclamations, subordinates, hyphenations, proper names, and 6 foreign characters; (2) sentences starting with "en", "maar", "daar", "er", "met" (and, The number of sentences per sequence varied pseudo-randomly between one and 
Tactile Stimuli
16
To promote multisensory speech integration, the tactile stimuli were designed to 
Audio-Tactile Stimulus Presentation
4
Auditory and tactile stimuli were digitally generated using a sampling rate of 16kHz 
17
The within-subject experimental design is illustrated in Figure 1C . It included audio- The experimental procedure involved the following steps: first, participants were 8 screened for hearing impairments using a questionnaire or pure-tone audiometry 9 (hearing threshold <25dB HL at 0.25, 0.5, 1, 2, 4, or 6kHz). Second, they were 10 familiarized with the degraded auditory stimuli for ~30min while the EEG cap was 11 applied. Third, they were seated in a sound-attenuated, electrically-shielded chamber 12 isolated from the experimenter, and their auditory speech-recognition threshold was Audio-tactile speech integration was assessed using a supra-additivity criterion (Stein Application of the supra-additivity criterion in the speech-envelope tracking analysis patterns, resembling the case that no multisensory integration occurs. 5 Third, for each λ combination, the accuracy with which the reference decoder A+T 6 could reconstruct the speech envelope in the multisensory condition was assessed. The maximum (λ combination-specific) accuracy was taken to define a baseline, Finally, the supra-additivity criterion was applied. That is, as for the speech- 2.1pp, which is 6.2pp below the theoretical upper limit of MSI). However, contrary to 22 our prediction of a supra-additive effect, the index was not significantly above zero 
11
Characteristics of Cortical Audio-Tactile Speech-Envelope Integration
12
The top row of Figure 5 summarizes results from exploratory spectral, temporal, and 13 spatial analyses of the neural MSI in condition 0, which showed the strongest cortical 14 audio-tactile speech-envelope integration above (see Figure 3B ). The lower rows of Figure 5 show the same measures reported above underlying the In sum, these observations show that the strongest contributions to the observed 3 cortical audio-tactile speech-envelope integration emerged from cortical activity in 4 the delta band at ~0-150ms relative to the speech envelope. They further indicate that 5 the integration arose from neural generators that were strongly involved in the 6 tracking of the speech envelope in auditory rather than tactile input. 
Discussion
9
We tested whether cortical speech-envelope tracking is a mechanism for audio-tactile 10 speech integration. We presented continuous tactile speech envelopes and degraded 11 auditory speech and assessed cortical speech-envelope tracking and intelligibility 12 based on decoders' speech-envelope reconstruction accuracy and listeners' speech-13 recognition performance, respectively. We assumed that supra-additivity in these 14 measures reflects multisensory integration. Under this assumption, we found 15 integration in the cortical tracking of auditory speech and tactile speech envelopes 16 leading by 100ms or less. This audio-tactile speech-envelope integration particularly 17 involves cortical delta activity occurring at ~0-150ms from auditory stimulus onset.
18
We found no evidence for audio-tactile integration in speech intelligibility. In sum,
19
tactile speech-shaped stimulation can enhance the cortical encoding of degraded 20 auditory speech input within a ~100-ms window; however this benefit appears to be 21 insufficient for improving intelligibility. We observed cortical audio-tactile speech-envelope integration when tactile input led 6 auditory speech by 100ms or was synchronous with it ( Figure 3B ). This is consistent To better understand the basis of the observed cortical audio-tactile speech-envelope 7 integration, we explored its relation to the observed cortical speech-envelope tracking 8 in the spectral, temporal, and spatial domain. We observed that audio-tactile speech- 
Conclusion
11
Our study provides insights into how the human brain integrates continuous auditory 
